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ABSTRACT: The relationships between adipocyte
and muscle cell development within muscle are im-
portant in the study of factors or agents that may im-
prove meat quality. Neonatal porcine muscle has the
potential to yield both cell types for cell culture because
it contains developing adipocytes and a high number
of muscle satellite cells. Therefore, we modified a con-
ventional collagenase-based procedure to digest neona-
tal porcine muscle and subsequently cultured the resul-
tant muscle stromal-vascular (SV) cells on several sub-
strata in basal and dexamethasone (DEX)-containing
media. Developing myotubes and preadipocytes were
present in muscle SV cell cultures on laminin substrata
following seeding and plating with fetal bovine serum
(FBS) with or without DEX. Myotube number was much
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Introduction

Cell cultures of established cell lines are widely used
but they are limited because cells are usually cultured
in complex environments, and the results may not rep-
resent what occurs in vivo. In contrast, primary cell
cultures are more likely to represent the in vivo condi-
tion because cells are removed directly from the animal
and grown in relatively simple culture environments.
However, primary cell cultures have not been able to
mimic certain cell-to-cell interactions or paracrine/au-
tocrine relationships that can be examined in co-
cultures.

Protocols of both cell line and primary cell cultures
are usually designed for optimal yield and subsequent
growth and differentiation of a particular cell type. For
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higher (P < 0.05) on laminin substrata compared with
all other substrata, whereas preadipocyte number in
muscle SV cell cultures was independent of substrata,
as we have shown previously. This approach can be
used to establish co-cultures of differentiating adipo-
cytes and myotubes from collagenase-digested neonatal
pig muscle. Because the comparison is within the same
culture dish, this method allows for a direct comparison
of the responses of adipogenic and myogenic cells to
growth and differentiation factors. For example, DEX
did not alter myogenesis (i.e., 11 ± 3 vs. 11 ± 4 myotubes
per unit area for control and DEX-treated cultures, re-
spectively), but it has been shown to markedly increase
preadipocyte number in muscle SV cell cultures.

instance, collagenase digestion is conventionally used
to liberate preadipocytes and other cells from adipose
tissue (adipose tissue stromal-vascular [SV] cells;
Hausman, 1989), whereas trypsin or pronase are typi-
cally used to liberate myoblasts or muscle satellite cells
from muscle (Hembree et al., 1991; Dodson et al., 1996).
Conceivably, collagenase digestion of muscle could lib-
erate both preadipocytes (SV cells) and myogenic or
satellite cells, thereby allowing co-culture of these cell
types. This paper describes simple procedures to effec-
tively create co-cultures of primary myotubes and i.m.
(muscle) preadipocytes following collagenase digestion
of neonatal porcine muscle.

Materials and Methods

Isolation of Primary Stromal-Vascular Cells
from Semitendinosus Muscles

All solutions were warmed to 37°C before use. Basal
medium (Dulbecco’s modified Eagle’s medium; DMEM)
consisted of DME/F12 medium (Sigma-Aldrich Co., St.
Louis, MO) supplemented with 2.5 �g/L amphotericin
B (Sigma-Aldrich Co.), 50 �g/L Cephazolin (American
Pharmaceutical Partners, Inc., Schaumburg, IL), and
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50 �g/L Gentamicin (Vedco, Inc., St. Joseph, MO). Five-
to seven-day-old pigs were killed via an i.p. injection of
3 g of sodium pentobarbitol (10% wt/vol solution; Butler
Co. Columbus, OH ) followed by exanguination. A total
of 13 muscle SV cell cultures, representing 13 pigs, were
established and examined in these studies. Aseptic
techniques in a biological safety cabinet were used for
remaining procedures. Skin and connective tissue were
removed from both hind limbs to expose semitendinosus
muscles. Both semitendinosus muscles, weighing ap-
proximately 8 g, were isolated and removed. Tissue was
finely minced in 50-mL beakers containing 5 mL of
DMEM with 0.2 mL of kanamycin solution (Sigma-Ald-
rich Co.) per gram of tissue. Tissues were transferred
to eight digestion flasks (Fisher Scientific, Hampton,
NH) and subjected to a 2-h digestion at 37°C in a shak-
ing water bath without regulated O2/CO2 atmosphere.
The digestion buffer included 100 mM HEPES (Sigma
Aldrich Co.) buffer containing 120 mM NaCl, 50 mM
KCl, 5 mM D-glucose, 1.5% (wt/vol) type-V BSA (Sigma-
Aldrich Co.), 1 mM CaCl2, and a type-II collagenase
(Sigma-Aldrich Co.) solution. The type-II collagenase
solution used to isolate stromal-vascular cells from sem-
itendinosus muscle contained approximately 12,500
collagen digestion units per tube. The semitendinosus
muscle digest was centrifuged at 500 × g for 5 min
and filtered through 180- and 20-�m nylon mesh filters
(Millipore Corp., Billerica, MA) into 50-mL centrifuge
tubes. Cells were rinsed with 30 mL of DMEM and
centrifuged at 1,500 × g for 10 min. Media were aspi-
rated, cell pellets combined, and cells were rinsed with
another 30 mL of DMEM. This was followed by centrifu-
gation at 1,500 × g for 10 min, and media were aspi-
rated. The cell pellet was resuspended in 10 mL of
DMEM, and viable cells were quantified using a hemo-
cytometer (Fisher Scientific) and 0.4% trypan blue stain
(Invitrogen Corp., Carlsbad, CA). Stromal-vascular
cells (5 × 105) were seeded and plated in either non-
coated dishes (BD Biosciences, Bedford, MA), or dishes
precoated with laminin, type IV collagen, or fibronectin
(BD Biosciences) in 2 mL of DMEM with10% fetal bo-
vine serum (FBS) ± 80 nM dexamethasone (DEX) me-
dia per dish. Cells were incubated in a 5% CO2, 100%
humid incubator at 37°C (NuAire Inc., Plymouth, MN).
Media were aspirated 1 h after plating, and 2 mL of
fresh media were added to each dish. Preadipocytes
attach within 1 h of plating (Yu and Hausman, 1998),
whereas myogenic cells attach much more slowly
(Hembree et al., 1991), so dishes were rinsed 1 h after
plating to increase the relative number of preadipocytes
and decrease the number of myogenic cells. The “unat-
tached” cells were reseeded into laminin-coated and
uncoated dishes following the 1-h rinse.

Experimental Treatments and Design

Cells in media containing 10% FBS ± DEX reached
confluence 3 to 5 d after plating. At confluence, cell
cultures were rinsed for 10 min in DMEM and shifted

to serum-free media containing 5 U/mL of bovine insu-
lin, 5 �g/mL of human transferrin, and 5 ng/mL of
selenium (ITS; Sigma-Aldrich Co.) for 2 to 3 d. There-
fore, two treatments were used in these experiments:
1) FBS + DEX on d 0 to 3, followed by ITS on d 3 to 6;
and 2) FBS on d 0 to 3, followed by ITS on d 3 to 6,
which represented the control or no DEX treatment.

Myotubes were counted in two studies of muscle SV
cells cultured on laminin, type IV collagen, fibronectin,
or no substrata and treated with DEX. Cultures were
rinsed after the first hour and treated with serum-free
media with ITS from d 3 to 6 following FBS ± DEX
from d 0 to 3. Regardless of substrata, DEX treatment
had no influence on myotube number and, compared
with laminin, there were negligible numbers of myo-
tubes in DEX-treated type IV collagen, fibronectin, and
uncoated cultures (i.e., myotubes per unit area were
1.1 ± 0.5 for fibronectin, 0.3 ± 0.2 for type IV collagen,
and 0.3 ± 0.1 for uncoated dishes; means ± SEM of two
studies). Therefore, no other DEX studies were per-
formed with type IV collagen and fibronectin substrata,
and only laminin and uncoated substrata were used in
subsequent studies.

Cytochemistry for Lipid Content Determination

Culture media were aspirated from culture dishes,
and cells were rinsed with PBS followed by fixation in
4% paraformaldehyde (Sigma-Aldrich Co.) for 30 min
at room temperature. Paraformaldehyde was removed
and dishes rinsed twice with PBS. Culture dishes were
then incubated in 60% Oil-Red-O solution (Sigma-Ald-
rich Co.) for 10 min followed by a 3-min rinse in distilled,
deionized water. Cover slips were mounted with glyc-
erol gelatin (Sigma-Aldrich Co.).

Immunocytochemistry

Six days after plating, cell cultures were incubated
with primary antibodies for peroxisome proliferator ac-
tivated receptor-γ (PPARγ), CCAAT/enhancing bind-
ing protein-α (C/EBPα), desmin, vimentin, and a
monoclonal antibody designated AD-3 (Yu and Haus-
man, 1998) followed by visualization of reactivity with
extravidin peroxidase staining kits (Sigma-Aldrich
Co.). The AD-3 monoclonal antibody and C/EBPα and
PPARγ antibodies were used to stain for preadipocytes
and adipocytes, whereas desmin and vimentin were
used to identify myoblasts and myotubes. As described
by Hausman and Poulos (2004), cultures also were
stained with the 5.1H11 monoclonal antibody (Develop-
mental Studies Hybridoma Bank, University of Iowa,
Iowa City), which recognizes a cell surface antigen on
myoblasts and myotubes. Some cultures were incu-
bated with AD-3 antibody on d 3 to 5 before shifting to
serum-free media. Briefly, cells were fixed for 30 min
using 4% paraformaldehyde, permeabilized with 3%
(vol/vol) Triton X-100 (Sigma-Aldrich Co.) for 15 min for
PPARγ, C/EBPα, desmin, and vimentin and incubated
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with antibodies for 1 h at room temperature in a humid-
ity chamber. Desmin (sc7556), PPARγ (sc7273), C/
EBPα, (sc61), and vimentin (sc6260) antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA) and were diluted to 1/200, 1/50, 1/50, and 1/
50, respectively. In six experiments, counterstaining
was not done following PPARγ and C/EBPα immunocy-
tochemistry to provide optimal contrast to enhance dis-
crimination between cell types. Double staining was
done in seven experiments, and it simply involved Oil-
Red-O staining (no additional fixation) after peroxidase
staining for PPARγ, C/EBPα, AD-3, or the 5.1H11 anti-
gen. Oil-Red-O staining was used to visualize cellular
lipid accumulation, and cultures were counterstained
with hematoxylin (Anatech, LTD, Battle Creek, MI) to
visualize cell number and morphology. Stained cells
were visualized using a microscope, IX51 with digital
photomicrographic system (Olympus America, Mel-
ville, NY).

Evaluation of Fat Cell Cluster, Myotube,
and Total Cell Number

Cultures were routinely stained for lipid and counter-
stained as detailed elsewhere (Hausman, 1981). Three
photomicrographs of each vessel were used for total cell
counting. Fat cell clusters (≥3 fat cells) and myotubes
(≥3 nuclei) were counted in 6 mm2 and 3.5 mm2 micro-
scopic fields, respectively, and six to eight microscopic
fields of each dish were counted.

Statistical Analyses

Data were subjected to a one-way ANOVA procedure
of SAS (SAS Inst., Inc., Cary, NC) to determine the
main effect of substrata. Differences between means
were determined by least squares contrast statements
of the ANOVA procedure. Comparison of two means
was accomplished by a Student’s t-test (Steel and Tor-
rie, 1960).

Results and Discussion

We initiated studies to culture preadipocytes from
porcine muscle (i.e., i.m. preadipocytes) by digesting
muscles cleaned of all connective tissue with a collagen-
ase-based procedure used to isolate and culture adipose
tissue SV cells. Primary cultures of porcine adipose
tissue SV cells primarily contain preadipocytes and fi-
broblasts. Because we anticipated a relatively low num-
ber of preadipocytes in i.m. (muscle) SV cell cultures,
we used dishes precoated with extracellular matrix sub-
strata including laminin because it preferentially en-
hances preadipocyte attachment and spreading (Haus-
man et al., 1996). We anticipated little to no myotube
formation in these cultures because a low yield of myo-
genic cells was expected, and our postconfluent serum-
free media (ITS) was optimal for preadipocyte lipid ac-
cretion (Hausman, 1989). Regardless, myotubes consis-

Figure 1. Myotube number in muscle stromal-vascular
cell cultures on various substrata. Cultures were rinsed
after the first hour, treated with serum-free media with
insulin, transferrin, and selenium (ITS) from d 3 to 6
(following fetal bovine serum from d 0 to 3), and stained
with hematoxylin on d 6. Values are least squares means
± SEM for three to six experiments with three to four
dishes in each experiment. Letters above bars (a, b) indi-
cate that laminin (Lam) substrata increased myotube
number per unit area relative to fibronectin (Fn), type IV
collagen (Coll), and no (None) substrata, P < 0.05.

tently developed in confluent muscle SV cultures on
laminin substrata after switching to ITS. Myotubes did
not develop in subconfluent cultures or in cultures con-
tinuously treated with serum (FBS d 0 to 6) or no serum
(ITS d 0 to 6). Myotube formation in muscle SV cell
cultures was greater (P < 0.05) on laminin substrata
than on other substrata (Figure 1), whereas fat cell
cluster development in control media (no DEX) was
independent of substrata (i.e., fat cell clusters per unit
area were 1.9 ± 0.4 for laminin-coated dishes and 1.4
± 0.3 for all other substrata; means ± SEM of seven to
14 studies).

Treatment with DEX had no influence on myogenesis
in laminin-coated dishes (i.e., myotubes per unit area
were 11 ± 3 in control [no DEX] cultures and 11 ± 4 in
FBS+DEX-treated cultures; means ± SEM of four to
six studies). In contrast, FBS+DEX increased fat cell
cluster numbers fourfold in muscle SV cultures in lami-
nin coated dishes (Hausman and Poulos, 2004).

Myotubes in muscle SV cultures on laminin substrata
were immunoreactive for desmin (not shown) and vi-
mentin (Figure 2). Furthermore, immunostaining with
the 5.1H11 antibody clearly distinguished myoblasts
and small and larger myotubes from preadipocytes and
other cells (Figure 3). Collective observations of cul-
tures either counterstained or not counterstained
clearly showed that myoblasts and myotubes were not
reactive for the AD-3 antigen, C/EBPα, or PPARγ and
contained no lipid (Figure 4). Furthermore, preadipo-
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Figure 2. Survey micrographs of typical muscle stromal-vascular cells from the same digest cultured on either
laminin (A and B) or no substrata (C). One digest was used to establish three types of cultures: a culture on laminin
that was rinsed after the first hour (A); an unattached cell culture that contained cells that did not attach by the first
hour which were then reseeded on laminin (B); and a culture on uncoated substrata that was rinsed after the first
hour (C). From another digest, stromal-vascular cells that did not attach after 1 h were reseeded on laminin (D,
unattached cell culture). Cultures were either stained for vimentin (A, B, and C) or hematoxylin and oil red O (D)
after serum-free treatment from d 3 to 6 with insulin, transferrin, and selenium (ITS) following fetal bovine serum
from d 0 to 3. Immunoreactivity was visualized by using a peroxidase staining kit. Cultures on laminin from the
same digest (A and B) had similar numbers of myotubes (stars), but the proportion of myotubes relative to total cell
number was much greater in the unattached cell culture (B). Note the large multinucleated myotubes (stars) in the
culture of unattached cells (D). Clusters of vimentin-reactive cells with no myotubes were evident in cultures on
uncoated substrata (C, arrowheads). For A, B, and C, magnification = 65×; for D, magnification = 140×.

cytes with or without lipid were stained with the AD-
3 antibody, whereas only preadipocytes with lipid had
PPARγ immunoreactive nuclei (Figure 4).

The relative number of myotubes in muscle SV cul-
tures was increased when cells unattached after 1 h
were reseeded in laminin-coated dishes, regardless of
media treatment (Figure 2). The percentage of total
nuclei that were myotube nuclei was 49 ± 1 for cultures
of cells that were unattached (after 1 h) and reseeded

in laminin dishes compared with 11.4 ± 3 for rinsed
muscle cultures on laminin (P < 0.05; means ± SEM;
n = 2 to 6 experiments). In contrast, the percentage of
total nuclei that were myotube nuclei was less than 1%
in rinsed muscle SV cultures on uncoated or fibronectin
substrata (Hausman and Poulos, 2004). Furthermore,
reseeding unattached cells in uncoated or fibronectin-
coated dishes did not increase the relative number of
myotubes in muscle SV cultures.
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Figure 3. A typical muscle culture of stromal-vascular cells cultured on laminin, rinsed after the first hour and
treated with serum-free media with insulin, transferrin, and selenium (ITS) from d 3 to 6 following fetal bovine serum
+ dexamethasone from d 0 to 3. Immunostaining with the 5.1H11 monoclonal antibody, a myoblast/myotube marker,
and counterstaining with oil red O and hematoxylin was done on d 6. Immunoreactivity was visualized by using a
peroxidase staining kit. Myoblasts (black arrow) and small and larger myotubes (white arrows) are clearly delineated
by 51H11 antigen reactivity, whereas preadipocytes (white star) and other stromal cells (black star) are not delineated.
Lipid accretion was evident in preadipocytes and appears as the dark cytosolic material (white star). Magnifica-
tion = 200×.

We did not adjust the number of cells that were unat-
tached after 1 h and reseeded in laminin dishes. Unat-
tached cells from one dish were simply transferred or
reseeded in another laminin-coated dish. Thus, some
dishes had lower total cell numbers than did others
within an experiment. Myotube size and the absolute
myotube number varied from dish to dish, reflecting
variability in initial cell numbers; however, myonuclei
per total nuclei varied much less, indicating that the
rinsed cells were primarily myogenic, regardless of ini-
tial cell numbers. The substrata for the first hour had
no influence on subsequent cultures of cells that were
unattached and reseeded in a laminin dish. Thus, it is
necessary that rinsed cells be reseeded in a laminin-
coated dish if cultures enriched for myogenic cells are

desired. Rinsing (after 1 h) did not influence the per-
centage or absolute number of preadipocytes.

Methods have been developed to co-culture either
3T3-L1 preadipocytes with muscle satellite cells (Dod-
son et al., 1997; Hossner et al., 1997) or human skeletal
muscle cells with human adipocytes (Dietze et al.,
2002). However, the present study is the first report of
a method to establish primary cultures that contain
differentiating adipocytes and myotubes representing
the same animal and tissue. Our “co-cultures” mimic
the close anatomical relationships between adipocytes
and muscle fibers observed in developing pig muscle
(Gondret and Lebret, 2002). The utility of these co-
cultures is demonstrated in several ways. When coupled
with immunocytochemical techniques, they can be used
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Figure 4. Muscle stromal-vascular cells cultured on laminin, rinsed after the first hour and treated with serum-free
media with insulin, transferrin, and selenium (ITS) from d 3 to 6 following either fetal bovine serum + dexamethasone
(A) or pig serum (B) from d 0 to 3. On d 6, cultures were either stained with a peroxisome proliferator activated
receptor γ (PPARγ) antibody (A) or the AD-3 monoclonal antibody (B), a preadipocyte marker, and counterstained
with oil red O and hematoxylin. Immunoreactivity was visualized by using a peroxidase staining kit. Note that the
nuclei in a small myotube (A, star) were not PPARγ immunoreactive, in contrast to PPARγ nuclear immunoreactivity
(A, white arrow) in a preadipocyte with lipid. Immunoreactivity for the AD-3 antigen delineates preadipocytes with
little to no lipid (B, white arrows). Note the absence of AD-3 reactivity in a small myotube (B, star). Panel A
magnification = 640×; Panel B magnification = 125×.

to evaluate critical quantitative and qualitative aspects
of the response of myogenic cells and muscle to PPARγ
ligands highlighted in recent studies (Park et al., 1998;
Kausch et al., 2001; Holst et al., 2003). For instance,
do PPARγ ligands influence either the number of myo-
tubes formed or the number of differentiated preadipo-
cytes? Furthermore, do PPARγ ligands activate PPARγ
in muscle cells and/or associated fibroblasts and preadi-
pocytes? We demonstrated herein that PPARγ is not
expressed by the nuclei of fibroblasts, myoblasts, or
myotubes, but it is expressed by the nuclei of preadipo-
cytes with lipid (Figure 4). Similar comparisons of these
cell types can be made with regard to the expression
of other transcription factor proteins and regulatory
proteins.

Studies of semitendinosus muscle cells from 1-wk-
old pigs (Mesires and Doumit, 2002) indicate that the
majority of myogenic cells in the present study cultures
are probably satellite cells. Procedures for culturing
muscle satellite or myogenic cells from most species
involve many steps. Furthermore, myotube formation
is induced with either serum supplemented media or
serum-free media supplemented with insulin and dexa-
methasone or triiodothyronine and several other com-
pounds (Doumit and Merkel, 1992; Cassar-Malek et al.,
1999; Yi et al., 2001). In the present study, the use of
laminin substrata and a simple commercially available
serum-free media resulted in a method to induce myo-
tube formation that is simpler and involves fewer steps.
Furthermore, combining this method with culturing

cells unattached after 1 h resulted in myotube fusion
percentages comparable to values reported for pig satel-
lite cell and fetal pig myogenic cell cultures (Hembree
et al., 1991; Fligger et al., 1998).

Implications

Fat cells in muscle, or marbling fat cells, develop
later than other fat cells, and recent studies indicate
that it may be possible to preferentially increase mar-
bling fat cell development. Co-cultures of marbling fat
cell precursors and developing muscle cells were used
to compare the development of muscle cells and mar-
bling fat cell precursors under identical conditions.
These co-cultures can be used to examine develop-
mental relationships between muscle cells and mar-
bling fat cell precursors. Furthermore, they can be used
to screen for dietary supplements or growth promotants
that differentially influence muscle cell and marbling
fat cell development.
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